Objective: To determine the relationship between exposure to repeated head impacts through tackle football prior to age 12, during a key period of brain development, and later-life executive function, memory, and estimated verbal IQ.
It was previously thought that greater plasticity in the developing brain would support better recovery following injury. 1 Recent evidence indicates that children and adolescents are more vulnerable than adults to poor outcomes and prolonged recovery from concussions. [2] [3] [4] [5] Furthermore, concussions in youth may negatively affect social development and educational success. [4] [5] [6] Recent research suggests that subconcussive head impacts experienced in sports also have acute [7] [8] [9] and long-term [10] [11] [12] [13] [14] neuroanatomical and functional consequences. Youth football players ages 9-12 can incur an average of 240, and up to 585, head impacts per season at magnitudes that parallel those experienced by high school and collegiate football players, [15] [16] [17] several of which exceed 80g. With millions of youth athletes participating in contact sports annually, including 4.8 million football players, 15, 18 the long-term consequences of brain trauma in youth sports are a growing public health concern.
The timing of key neurodevelopmental processes could contribute to windows of vulnerability to brain trauma. A critical stage of brain development occurs between ages 10 and 12. [19] [20] [21] [22] [23] [24] However, the long-term consequences of repeated head impacts (RHI) incurred during this important neurodevelopmental period are unknown. To investigate the relationship between age of first exposure (AFE) to RHI through tackle football and later-life cognition, we evaluated 2 groups of former National Football League (NFL) players with the hypothesis that those who began playing football before age 12 would perform significantly worse on measures of executive function, memory, and premorbid estimated verbal IQ (eVIQ) than those who started playing at age 12 or older.
METHODS This research was part of Diagnosing and Evaluating Traumatic Encephalopathy using Clinical Tests (DETECT), an ongoing study aiming to develop methods for diagnosing the neurodegenerative disease chronic traumatic encephalopathy (CTE) during life. Participants undergo numerous tests, including neuroimaging, CSF protein analysis, genetic testing, neurologic and psychiatric evaluations, neuropsychological testing, and a history interview. Only neuropsychological tests and exposure-related variables and demographic information from the history interview were used in this analysis. DETECT recruitment efforts began in November 2011 and included e-mails through distribution lists of the NFL Players Association and NFL Alumni Association, presentations at NFL alumni meetings, Boston University CTE Center Web site postings, and word of mouth.
Participants. DETECT participants include former NFL players and a control group of former elite noncontact sport athletes. Controls were not included in this analysis. Inclusion criteria for the former NFL players are as follows: male, ages 40-69, played at least 2 years in the NFL and 12 years of organized football, and self-reported complaints of cognitive, behavioral, and mood symptoms for at least the last 6 months. Exclusion criteria included general MRI and lumbar puncture contraindications and history of any other diagnosed CNS disease.
Head impact exposure variables. AFE to tackle football was treated as a dichotomous variable and used to divide subjects into 2 cohorts: before age 12 (AFE ,12) and age 12 or older (AFE $12). Age 12 was chosen as the cutoff based on neurodevelopmental literature [19] [20] [21] [22] [23] [24] and previous work from our center. 25 The duration of football play (i.e., total number of years) differed between AFE groups and was therefore used as a covariate and treated as a continuous variable.
Outcome measures.
A focused set of neuropsychological outcome measures was selected from the DETECT test battery for this preliminary study in order to reduce the likelihood of type I error. The measures were selected based on a priori hypotheses regarding primary functional areas expected to be impaired in CTE 14, 26 and neurodevelopmental literature. [19] [20] [21] [22] [23] [24] Each test is described briefly here; detailed administration and interpretation guidelines are described by Strauss et al. 27 Wisconsin Card Sort Test. The Wisconsin Card Sort Test (WCST) is a widely used measure of multiple aspects of executive function, including shifting cognitive set, response inhibition, perseveration, and strategic planning. 27 A 128-card computerized form was used in this study. 28 WCST scores analyzed include percent errors (%E), percent perseverative responses (%PR), percent perseverative errors (%PE), percent nonperseverative errors (%NPE), and percent conceptual level responses (%CLR).
Neuropsychological Assessment Battery List Learning test. The Neuropsychological Assessment Battery List Learning test (NAB-LL) is a measure of verbal episodic memory that is sensitive to impairment due to both neurodegenerative disease 29 and traumatic brain injury. 30 To evaluate different aspects of learning and memory, 3 NAB-LL variables were used: Immediate Recall (IR), Short Delay Recall, and Long Delay Recall.
Wide Range Achievement Test, 4th edition, Reading subtest. The Wide Range Achievement Test, 4th edition (WRAT-4) 31 Reading subtest is a word pronunciation test commonly used to measure premorbid eVIQ. 27, 31 Statistical analysis. Raw scores were converted to T scores for all WCST and NAB-LL measures based on each test's demographically corrected normative data. WRAT-4 Reading raw scores were converted to age-corrected standard scores. Paired-sample t tests were conducted for unadjusted betweengroup comparisons. A mixed-effects linear model was used to determine the adjusted effect of AFE to tackle football on all outcome measures. This model adjusted for duration of play and education as well as for correlations within the agematched pairs, between outcomes from the same subject, and between outcomes of the same test for the WCST and NAB-LL in order to account for possible inflation of type I error. To ensure internal validity and further control for type I error at a 5 0.05, bootstrap analysis was conducted on 1,000 replicates. All analyses were conducted using SAS 9.3.
Standard protocol approvals, registrations, and patient consents. All study procedures were approved by the Boston University Medical Center Institutional Review Board. Subjects provided written informed consent prior to participation. RESULTS Demographic information and athletic history are described in table 1. Seventy-four former NFL players from DETECT were eligible for this analysis. Age differed significantly between groups when all subjects were divided by AFE to tackle football (AFE ,12 mean 5 50.4 years, SD 5 6.5; AFE $12 mean 5 57.5 years, SD 5 7.7; p , 0.001). To account for this, subjects were matched a priori by age such that one subject from the AFE ,12 group was paired with a subject of the same age from the AFE $12 group. Of the 74 eligible participants, 42 subjects (age range 41-65 years) could be randomly matched by age (within 2 years), with 21 subjects in each AFE group. The AFE to tackle football ranged from age 7 to age 17. Duration of football play differed significantly between groups.
Mean outcomes scores from paired-sample t tests are shown in table 2. Due to uncompleted tests, 19 pairs of subjects were examined for the WCST; 21 pairs were examined for all other measures. Mean scores for the WCST %E, %PR, %PE, and %CLR; NAB-LL IR; and WRAT-4 Reading differed significantly between groups. The AFE ,12 group had significantly lower scores than the AFE $12 group on all outcomes, indicating poorer performance. Results from the mixed-effects linear model and bootstrap analyses are presented in table 3. After controlling for education, duration of play, and multidimensional correlations between tests and within subjects, all measures of the WCST, NAB-LL, and WRAT-4 Reading tests differed significantly between groups, with the AFE ,12 group performing significantly worse than the AFE $12 group. These differences remained significant following bootstrap analysis. DISCUSSION The objective of this study was to evaluate the relationship between AFE to RHI through tackle football and later-life cognitive function. We found that former NFL players in the AFE ,12 group demonstrated significantly greater impairment on objective measures of executive functioning, immediate and delayed recall, and eVIQ than those in the AFE $12 group. These results are consistent with preliminary work by our group indicating that former football players of all levels with an AFE ,12 selfreported significantly worse executive function, depression, and apathy than those with an AFE $12. 25 The results of this study suggest that sustaining RHI during critical periods of brain maturation could alter neurodevelopmental trajectories, leading to later-life cognitive impairments.
The relationship between AFE to tackle football and later-life executive dysfunction, memory impairment, and lower eVIQ remained significant, and for some variables became significant, after adjusting for duration of football play and education. Although the difference did not reach significance, it is noteworthy that the AFE ,12 group played an average of 2 fewer years in the NFL than the AFE $12 group. Longer duration of NFL play could have been expected to contribute to poorer cognitive performance in the The disruption of key neurodevelopmental processes by RHI may be the underlying cause of the results of this study. A period of peak myelination rates and increased cerebral blood flow, which has been shown to predict rapid neurodevelopmental periods, occurs between ages 10 and 12. 5, 19 In males, peak cortical thickness in the frontal and parietal cortices 20 and peak amygdalar and hippocampal volume are reached during this same preadolescent period. 22 At the onset of puberty, occurring around age 12 in males, volumes in these regions begin to decrease due to synaptic pruning, allowing for more efficient information processing. 32 RHI incurred around the time of peak volume and early synaptic pruning in the hippocampus could alter the course of hippocampal development, contributing to the later-life memory impairments observed in this study.
The findings of this study are consistent with research demonstrating that children and adolescents are more susceptible to prolonged recovery and poor outcomes from concussions. Reduced intelligence has been reported following concussions in children. [4] [5] [6] While the rate of intellectual development may return to normal following pediatric brain injury, the loss of normal development time during recovery may cause the injured child to fall behind and never return to the levels of his or her uninjured peers. 5, 6 Children may appear to fully recover from concussions due to functional compensatory mechanisms despite a lack of neuronal recovery. 5 Prefrontal cortical regions, including the dorsolateral prefrontal cortex (DLPFC), Table 3 Group differences for outcomes adjusted for age and duration of football play continue to develop into the early 20s and are critical for executive functioning and intelligence. 24, 33 Studies have reported changes in DLPFC activation following both acute concussive injury 34 and prolonged exposure to RHI. 9 Functional impairments resulting from RHI occurring in childhood may not become apparent until early adulthood when environmental demands increase but cognitive skills associated with later-maturing regions fail to properly develop. These mechanisms could explain the executive dysfunction displayed on the WCST and lower WRAT-4 Reading scores in the AFE ,12 group. Brain trauma as an environmental factor may play a larger role in neurodevelopmental processes in children than in adolescents and adults. The influence of environmental vs genetic factors on brain structure and function evolves over childhood and adolescence. 35, 36 Lenroot et al. 36 used the same age cutoff as this study to examine the heritability of cortical thickness. They found that cortical thickness of later-developing brain regions, including the DLPFC, was heritable in the older group, but environmental factors had a greater influence than genetics in these regions in the group under age 12. Cortical growth trajectories in children and adolescents have been associated with intelligence, 24 and the influence of environmental factors on intelligence has also been shown to give way to genetic influence at age 12. 35 RHI may influence neurodevelopment of some brain regions more in those younger than age 12 due to the strong environmental influence prior to that age.
Youth football players may incur hundreds of subconcussive head impacts each season. 15, 16 Recent neuroimaging research has identified altered white matter structural integrity and functional changes postseason compared to preseason baseline measures in college ice hockey 8 and college and high school football players. 7, 9 One study found that these changes persisted through 6 months of noncontact rest. 7 RHI has also been associated with long-term consequences, including CTE. 14 Although executive dysfunction and memory impairment are common CTE symptoms, 14, 26 our results do not suggest that the participants in our study have or will develop CTE. The neurobiological consequences of RHI on neurodevelopmental trajectories may differ from the pathogenesis and progression of CTE, leading to functionally similar but neuropathologically distinct outcomes. Further research is needed to determine whether incurring RHI during periods of neurodevelopmental vulnerability may contribute to the neuropathogenetic cascade leading to the tauopathy of CTE.
The WRAT-4 Reading subtest is frequently used to measure premorbid eVIQ in studies of neurodegenerative disease. 37 However, scores on this and similar word pronunciation tests have been associated with delayed memory performance and dementia scores in other neurodegenerative diseases, 37, 38 leading to an underestimation of premorbid intelligence. Furthermore, research suggests that declines in intelligence may persist following concussion. [4] [5] [6] However, the impact of RHI on intelligence has yet to be elucidated. Several other factors can influence performance on the WRAT-4 Reading subtest, including quality of education, race, cultural experience, and socioeconomic status. 39 Although race was not significantly different between groups, there were 6 more African American participants in the AFE $12 group, suggesting that lower WRAT-4 Reading scores in the AFE ,12 group were not driven by racerelated differences. However, socioeconomic status and acculturation information was unavailable for this cohort and should be examined in future research. Due to the variety of factors that could influence WRAT-4 Reading scores in this population, this measure was not included as a covariate when analyzing other outcomes. Incurring RHI through football before age 12 could negatively affect intellectual development, resulting in differences in knowledge acquisition abilities and lower later-life IQ. However, it is unclear whether the results of this study are due to exposure to RHI during critical neurodevelopmental stages, later-life acquired memory impairment from possible neurodegenerative disease, premorbid intelligence differences unrelated to RHI exposure, or other demographic factors. Moreover, it is possible that children with lower verbal abilities are drawn to playing football at an earlier age. Future longitudinal studies beginning prior to the start of football participation in youth and using more comprehensive measures of intelligence are needed in order to determine the relationship between RHI in youth and intelligence.
Although this study found an association between participation in tackle football before age 12 and later-life cognitive deficits, this does not suggest that incurring RHI at age 12 or older is safe or free from long-term consequences. Although the AFE ,12 group performed significantly worse, the AFE $12 group still scored below average on several WCST and NAB-LL measures. There are likely other factors, such as aspects of exposure (e.g., type, frequency, and severity), genetics, or other health-related issues, that could influence the risk of later-life consequences.
There are several important limitations to address in this study. While the study of former NFL players allows for investigation of a group with high exposure to RHI, the results may not be generalizable to other groups. The nature and number of head impacts incurred in other youth sports, including hockey and soccer, may differ from those incurred in youth football and may affect neurodevelopmental processes differently. Furthermore, timing of brain development stages and milestones differs between males and females. 20, 22 Future studies should investigate the later-life effects of RHI from other youth contact sports and in female athletes. Total exposure to RHI cannot be definitively determined retrospectively within this cohort; however, we used years of football play as a proxy for total exposure. The use of helmet accelerometer technology will make it possible to obtain a better estimate of total exposure in future studies. In addition, fewer opportunities to participate in youth football before age 12 were available to the older participants in this study, causing the AFE $12 group to be significantly older than the AFE ,12 group in the DETECT cohort. Simply adjusting for age would not have accounted for erarelated differences in the style of football the participants played. Therefore, we used age-matched pairs in this study, which greatly reduced the sample size. The cross-sectional study design does not allow for the determination of causality between early-life exposure to RHI and later-life impairments, and the age range of participants limits the generalizability to older individuals. Future research would benefit from longitudinal designs with larger sample sizes beginning at younger ages.
It is possible that participants in this study were motivated to perform poorly on neuropsychological testing due to outside influences, such as litigation against the NFL. If this were the case, we would not expect to find a difference between groups based on AFE to football as we did in this study. It is also noteworthy that we found objective differences between AFE groups despite the fact that all participants reported behavioral and cognitive difficulties in order to be included in this study. This potential limitation may be addressed by eliminating inclusion criteria requiring self-report of symptoms in future research.
Increased awareness about the long-term effects of brain trauma has led to rule changes in sports at all levels. While these changes may be effective in minimizing RHI in youth sports, 15 empirical data are necessary to guide these rule changes with regard to AFE and other modifiable risk factors. More evidence is needed to assist stakeholders, including legislators, league officials, health care providers, coaches, parents, and athletes, in decision-making when considering the potential detrimental effects of exposure to RHI relative to the countless benefits of participation in youth sports.
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